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M. SALOMON For the negative electrode, either metallic lithium or a lithium intercalating material are the materials of interest, and typical half-cell reactions of negatives considered in this review are:
Li Metallic Li (eq.
[l]) possesses the highest theoretical specific capacity of 3860 AMrg, but for safety and stability purposes, the intercalating anode materials LiC6 and Li4,4Sn are the bases for present and fbture commercial cells: present day R&D is focusing on improvement of energy densities for these materials.
Compared to metallic Li, the theoretical specific capacity of carbon-based anodes is 372 M k g , and for Li4,4Sn the theoretical capacity exceeds 1100 M k g (based on the Li/Sn atomic ratio of 4.4/1). In all cases the theoretical capacities of these materials are not realizable due to irreversible reactions with the electrolyte. 
The fact that although Li is highly passivated, cells do pass considerable amounts of current indicating facile Li' transport through the film To explain this behavior, Peled (1) offered the model of the solid-electrolyte interface which is shown in Figure 1 . According to this model, a Fig. 1 . The Solid Electrolyte Interphase non-porous solid electrolyte interphase (the SEI) is formed when Li is initially immersed in solution which is then followed by continual growth of a highly porous second layer Li' ion transport through the SEI proceeds via solid state diffusion which, for thin SEI films, is rapid, and transport through the porous layer is governed by solution conductivities and tortuosity of the channels within this porous layer. In primary Li/S02 cells, the need to maintain high solution conductivities at very low temperatures (to -4OOC) is accomplished by adding acetonitrile to the electrolyte. While metallic lithium reacts quickly with acetonitrile producing methane and LiCN, in the presence of SO2 the solubility of the dithionate is so small that the SEI protects the anode and selfdischarge (due to Li oxidation) is negligible. In fact, the shelf life of these cells is at least 10 years. For solvent toluene rechargeable Li cells, metallic lithium presents numerous problems leading to very poor cycle life. The passive film breaks down and reforms continuously upon cycling, and dendrite formation is excessive leading to internal cell shorting and failure. Although energy densities are lower, the use of Liintercalating anode materials such as hard and soft carbons instead of metallic Li avoids these problems and are now the bases for commercially available Li-ion cells. Tin oxides are presently being investigated in numerous laboratories worldwide for possibly replacing LiC6 anodes. As with metallic lithium, Liintercalating anodes are also highly active (thermodynamically unstable in aprotic solvents) and undergo corrosion followed by the formation of a stable (insoluble) passive film. Corrosion and passivation are easily confirmed by simple coulombic "titration" measurements which are discussed below. For safety reasons as well as commercial processing, Li-ion cells utilizing a Liintercalating anode are constructed in the discharged state. Cells with both Liintercalating anodes and cathodes are commonly referred to as 'Xi-ion cells" since only Li' is transported across the cell during charge and discharge. For example, the cell ClelectrolytelLiCoOz constructed in the discharged state must first be charged before the cell can be used. The charging reaction which is the reversie of discharging (eqs. [2] & [7] ) is 6C + LiCo02 a Li,C6 + Lil,CoOz and a typical first charge is shown in Figure 2 . Note that the charge consumed on the first charge, 420 M k g , exceeds the theoretical capacity of 372 Ahkg for LiC6 by around 12 %. This irreversible loss in capacity is entirely due to solventlelectrolyte decomposition (reduction) to numerous insoluble products forming the passivating layer at the carbon anode. The delivered capacity upon the discharge, 370 Ah/kg, is very close to theoretical, but subsequent cycling will
continue to result in smaller irreversible losses until a stable passive film is completely formed. Normally, 5 to 10 charge/discharge cycles are required until a reversible situation is achieved at which point the Li,C anode will cycle reversibly at -250 to 325 mAh/g for hundreds of cycles (i.e., x a 0.6 to 0.9 in Li,C6). The composition of the insoluble passive films on both metallic Li and LiC6 is quite complex and the subject of many investigations starting in the 1970s. These early studies (2-4) which mainly employed ethers, esters and PC as the solvent and LiAsFa as the electrolyte clearly identified L F and other complex products of As such as Li3As and, more recently, As" reported by Aurbach et al. (5) . It is believed that formation of these insoluble surface films are the result of the formation of Lewis acids from the anion, LiAsF.5 + 2Li+ + 2e-=> ASF~. + 3~i~
[91 followed by irreversible chemical and electrochemical reactions. In 1989 Plichta et al. (6, 7) reported that additions of dialkyl carbonates such as DMC and DEC (see Table 1 ) and COz resulted in significantly increased stability and improved cyclability at Li anodes, and based on earlier work by Aurbach et al. (8) , it was assumed that these improvements were due to the formation of insoluble carbonates on the anode surface. Based on these findings (6, 7) , almost all present day electrolyte formulations for rechargeable Li and Li-ion cells now incorporate DEC, DMC EMC and EC in some propriety combination. In electrolyte solutions containing one or more of these carbonates, the predominant passive films on the anode surface are solvent decomposition (reduction) products. The recent studies by Aurbach et al. (e.g. 9 and references cited therein) using in situ spectroscopy have identified LizO, LizC03 and ROCOzLi species as components of these passive films. Li oxides, carbonates, and alkoxides have also been found on LiC6 sufaces by Yoshida et al. (10) who also reported gas evolution (CO, C b , C 2 b , H2) on initial charging of these anodes. According to Yoshida et al., the mechanisms proposed for formation of insoluble films are 1st cycle LI insertion at o I mA/crn* Li insertion for cycles 2-5 at 0 1 rnAJcrn2 Li insertion for cycles 6-100 at 0 3 rnA/crn2
Li Insertion for cycles 101-130 at 1 rnAlcrn2
According to Aurbach et al., the mechanisms for solvent reduction can also involve radical formation, e.g. EMC + Li' + e-3 CH3CHzOLi + CH30C0.
CH3OCO
. + e-= CH30Li + CO It is noteworthy that while the solubilities of these fluorides, oxides and carbonates appear to be negligible, no quantitative solubility data exists for these compounds.
In the search for Li-intercalating anode materials with improved specific capacities over LiC6, Idota et al.
(1 1) at Fujifilm Celltec found that tin oxides (e.g. SnO and SnOz) can reversibly insert more than twice the amount of Li than hard and soR carbons. The amounts of lithium which can be inserted into these materials exceeds 4 Li atoms per Sn atom. Idota et al. incorrectly assumed the mechanism to be that of simple intercalation into the oxide. However, noting that this is an unusually large amount of lithium for Cycle number an intercalation process, and that the phase diagram for the binary LVSn system (12) shows 8 distinct LdSn phases, the maximum being Li22Sns (i.e. Lk4Sn), Courtney and Dahn (13) using in situ X-ray spectroscopy confirmed that the mechanism was reversible alloying of Li (eq. [4] ) rather than intercalation. This mechanism was later confirmed by Brousse et al. (14) . As with LiC6 anodes, the SnOz anode is stabilized by an insoluble Li20 firm formed upon initial charging as shown in Fig. 3 (data from ref (14)). On the first charging cycle, it is seen that the insertion capacity exceeds 1100 Ah/kg, but on the first and subsequent discharges and charges, only about 400 Ahkg is reversibly alloyed and dealloyed in and out of the anode. This corresponds to a huge irreversible (i.e. loss in) capacity of -60 % in formation of the stable passive film on Li,Sn. While reversible capacities of -400 Ah/kg are observed over hundreds of cycles, the major problem with this system is that all of the lithium alloyed into Sn comes from the cathode, e.g. LiCoO,, which would require excessive amounts of cathode material to balance this Li-ion cell.
From the mid 1960s to the 1970s, considerable attention was given towards the development of rechargeable Li cells using metal halide electrodes: e.g. the LdCuC1 cell (see eq. [6] ) has an attractive theoretical energy density of 685 Wh/kg. However, in several previous reviews (15, 16) it was shown that the failure to build practical Li cells with metal halide cathodes is due to dissolution of the cathode upon discharge; i.e. one reaction product is the halide ion (eq. [6] ) which forms very stable complexes such as CuCli, CuCl?-, CuZCl?-and C~3C16~- (17) . Our experience (15, 16) is that while the solubility products of metal halides are much smaller in aprotic organic solvents than in water, the stability constants for the complexes are much larger resulting in significant dissolution of the metal halide cathode followed by rapid transport to and self-discharge at the anode. With the introduction of lithiumintercalating metal oxide cathodes, e.g. eqs.
[7-81, the problem of soluble cathodes has been practically eliminated, but with new problems involving dissolution of electronically conducting grid materials. One example involves the use of LiCoO, cathodes. This material was originally synthesized by Mimshima et al. (18) who also demonstrated the possibilities of this material (eq. [7] ) as a cathode for rechargeable Li cells in propylene carbonate solutions. The practicality of using LiCoO, in commercial Li cells was first demonstrated by Plichta et al. (6, 7, 19) by use of ultrastable solvents (6, 7) and replacement of Ni grid materials with Al (6, 19) . In solutions containing LiAsF6 electrolytes, Al grids were found not to undergo corrosion, but the concern for use of As compounds in commercial cells is the basis for the search of stable electrolytes to replace LiAsF6. A most promising replacement is the imide LiIm, lithium tris(trifluoromethanesulfony1) imide, LiN(S02CF3)2 first synthesized by Armand et al. (20) . This salt has improved transport properties (21, 22) and is thermally stable, but was subsequently found to corrode Al grids at all potentials above 4 
LiN(SO,CF,), mole fraction
An important property of these highly concentrated solutions is that they are liquid down to very low temperatures (e.g. see Fig. 6 ) which, providing conductivities are sufficiently high, enables useful capacities to be obtained from Li cells at very low temperatures. There are numerous efforts in progress for developing low temperature capable electrolyte solutions, and some representative recent data are given in Table 2 . As a result of these studies, numerous but qualitative solubility data have been determined. The major approaches for developing conductive electrolyte solutions at temperatures I -40°C without precipitation of the electrolyte involve the use of mixed solvents. The bases for selection of specific solvents used in these mixtures are (see Table 1 ) are high dielectric constant to minimize ion association, some carbonate solvent to insure the formation of stable passive films on the anode, presence of carbonyl or ether groups which are effective in dissolving Li-salts, low viscosity required for high conductivities at low temperatures, and varying solvent composition to prevent phase separation at low temperatures. [lo1 In addition to increasing solubilities (e.g. in solvents containing a hydrocarbon or halocarbon), complexes such as (Li-lSCS)' and (Li-18C6)' often exhibit greater mobilities than the highly solvated (uncomplexed) Li' ion which results in higher transport numbers for the (LiCE)' complex cation (e.g. see 37 and 38 and references cited therein). The increase in transport numbers is significant, up to 20 % in some cases, and is important in minimizing concentration polarization which is a major factor leading to very poor Li-ion cell performance at temperatures below -20°C (39) . While technology based on these findings has not yet been hlly explored, it is anticipated that future research will lead to improved Li-ion cell performance.
